The Mauriceville plasmid is a novel retroelement found in the mitochondria of certain Neurospora strains isolated from nature (1, 8) . The plasmid, termed a mitochondrial (mt) retroplasmid (mRP), is a small (3.6-kb), closed-circular DNA that encodes a reverse transcriptase (RT) (21, 22, 33) . A map of the mRP and its proposed replication mechanism are shown in Fig.  1 . The major transcripts of the mRP are full-length linear RNAs that are synthesized by the host Neurospora mt RNA polymerase and presumably serve both as mRNAs for the RT and as intermediates in the replication of the mRPs by reverse transcription. These full-length transcripts end with two tandem CCAs and have a 3Ј tRNA-like secondary structure similar to those of plant viral RNAs (3) . During replication, the mRP RT functions analogously to plant viral RNA-dependent RNA polymerases in recognizing this 3Ј tRNA-like structure and synthesizing a full-length cDNA copy of the mRP transcript (designated negative-strand cDNA) beginning at or near the 3Ј end of the RNA (19, 21, 37, 38) . Replication of the mRP is presumably completed by synthesis of positive-strand DNA and circularization to regenerate the closed-circular mRP DNA.
The characteristics of the mRP RT suggest that it may be related to the progenitors of retroviral and other types of RTs (38) . Amino acid sequence comparisons indicate that the mRP RT belongs to the same class as those encoded by the non-long terminal repeat (non-LTR) family of retroelements, a diverse group that includes the abundant human long interspersed nuclear elements (11, 42) . Within this group, the mRP belongs to a separate subclass, along with group II introns and bacterial retrons, all members of which are found in bacteria or in organelles, mitochondria and chloroplasts, that evolved from endosymbiotic bacteria (11) . These retroelements are believed to have evolved in prokaryotes and likely include the early ancestors of retroviruses and other retroelements. Consistent with the view that the mRP is a primitive retroelement, the mRP open reading frame lacks RNase H, protease, or integrase domains that were presumably acquired subsequently by other retroelements (22, 39) .
Biochemical analysis showed that the mRP RT has the remarkable ability to initiate cDNA synthesis de novo (38) . This de novo initiation occurs opposite the penultimate C residue (position C-2) of the 3Ј CCA of the mRP transcript (38) , the same position used for initiation of negative-strand RNA synthesis by phage Q␤ and plant viral RNA-dependent RNA polymerases (4, 29) . The reaction is relatively efficient in vitro and also appears to be the predominant mode of initiation in vivo (19, 38) . De novo initiation is an unprecedented mechanism for the initiation of DNA synthesis, which had been thought previously to require a nucleic acid or protein primer (20) . The ability of the mRP RT to recognize a 3Ј tRNA-like structure and initiate cDNA synthesis de novo suggests that the mRP RT might be related to primitive RTs that evolved from RNA-dependent RNA polymerases (38) .
In addition to de novo initiation, the mRP RT can also use DNA or RNA primers in a manner that suggests how a primitive RT could evolve from an RNA-dependent RNA polymerase into other types of RTs (38) . In one reaction, the mRP RT uses the 3Ј OH of a DNA primer to initiate cDNA synthesis at the 3Ј end of the mRP transcript. In vivo, this mode of initiation is used for a template-switching reaction in which the 3Ј end of a cDNA synthesized from one mRP transcript is used as a primer to initiate cDNA synthesis at the 3Ј end of a second mRP transcript, giving rise to cDNA multimers (19) . This type of DNA primer-mediated initiation was suggested to be the evolutionary forerunner of the target DNA-primed reverse transcription reactions used by non-LTR retrotransposons and group II introns (38) , where the 3Ј end of a cleaved DNA strand at the element's integration site is used as a primer to initiate reverse transcription of the element's RNA (12, 25, 43) . In another reaction, the mRP RT uses the 3Ј tRNA-like structure of the mRP transcript as a primer to initiate at an internal CCA sequence in the mRP transcript (38) . The use of the 3Ј tRNA-like structure as a primer was suggested to be the evolutionary forerunner of the use of cellular tRNA primers by retroviral RTs (26, 38) .
Further insight into the behavior of the mRP RT was obtained from the analysis of suppressive mutant mRPs, which were found to accumulate after prolonged vegetative growth (2, 3) . The mutant mRPs outcompete mt DNA, causing senescence and cell death. Surprisingly, every one of 15 suppressive mRPs analyzed was found to have incorporated a DNA copy of an mt tRNA (either tRNA Gly , tRNA Trp , or tRNA Val ) or a tRNA-like sequence between the positions corresponding to the 5Ј and 3Ј ends of the mRP transcript (2, 3, 6, 7) . The insertion of the tRNA sequence was correlated with a 25-to 100-fold overproduction of mRP transcripts, which presumably leads to the suppressive behavior of the mutant mRPs (3). In each case, the DNA copy of the inserted tRNA sequence lacked the terminal A residue of the 3Ј CCA and ended at position C-2, the same position used for de novo initiation at the 3Ј tRNA-like structure of the mRP transcript. Considered together with the biochemical behavior of the mRP RT, the structure of the suppressive mRPs suggested that they might be generated by de novo initiation at the 3Ј end of the tRNA followed by a template switch to the 3Ј end of the mRP transcript, leading to a hybrid cDNA as the replication intermediate (19, 38) .
Here, we investigated the ability of the mRP RT to use tRNAs as templates for reverse transcription in vitro. We show that the mRP RT does, in fact, initiate cDNA synthesis de novo at position C-2 of the 3Ј CCA of tRNAs and that template switching between the tRNA and the mRP transcript gives rise to hybrid cDNAs of the type predicted to be the intermediates in the generation of the suppressive mutant mRPs. In other reactions, the mRP RT synthesizes cDNA dimers by template switching between two tRNA templates and initiates at an internal position in a tRNA by using the 3Ј end of the tRNA as a primer. The ability to recognize tRNAs or tRNA-like structural features as templates for cDNA synthesis may be characteristic of primitive RTs that evolved from RNA-dependent RNA polymerases.
MATERIALS AND METHODS
Neurospora crassa strain and growth conditions. The N. crassa strain used in this study was Mauriceville-1c (Metzenberg mapping isolate FGSC 4416). Procedures for maintaining the strain, preparing conidia, and growing mycelia in liquid culture were previously described (9, 24) .
Isolation of mitochondria and mRP RT. Mitochondria were isolated by the modified flotation gradient method (23) , and mt ribonucleoprotein particles were isolated by lysing the mitochondria with 1% Nonidet P-40 and centrifuging the lysate through a 1.85 M sucrose cushion containing 0.5 M KCl buffer (21, 23) . The mRP RT was isolated from the mt ribonucleoprotein particles by the polyethyleneimine (PEI) precipitation method (38) .
Recombinant plasmids. Recombinant plasmids used to synthesize in vitro transcripts corresponding to N. crassa mt tRNAs were synthesized via PCR. The PCR products were purified by using a QIAquick PCR purification kit (QIAGEN, Chatsworth, Calif.) and cloned as described below. The cloned PCR products were sequenced completely to ensure that no adventitious mutations had been introduced during the PCR.
pGTRP, which was used to synthesize an in vitro transcript corresponding to N. crassa mt tRNA Trp , was constructed by amplifying the mt tRNA Trp coding sequence of N. crassa wild-type 74A mt DNA by using the primers Trp5Ј (5Ј GGAATTCTAATACGACTCACTATA[A/G][A/G]GAGTATAG TTT 3Ј), which corresponds to the 5Ј end of tRNA Trp and adds a phage T7 promoter and an EcoRI site, and Trp3Ј (5Ј GGGATCCTGGCAAGAG TACT 3Ј), which is complementary to the 3Ј end of tRNA Trp and adds a BstNI site used to generate the 3Ј CCA of the tRNA transcript, followed by a BamHI site. The PCR product was cloned between the EcoRI and BamHI sites of pUC19 (New England Biolabs, Beverly, Mass.). The clone used in this study has the 5Ј AA of tRNA Trp changed to GG to facilitate transcription with phage T7 RNA polymerase.
pGTRP⌬CCA, which was used to synthesize a tRNA Trp transcript lacking the 3Ј CCA, was constructed by the same procedure as pGTRP, except that the tRNA Trp sequence was amplified from the mt DNA with Trp5Ј (see above) and ⌬3ЈTrp (5Ј GGGGTACCAAGAGTACTTAGA 3Ј). The latter primer is complementary to the 3Ј end of the tRNA Trp sequence without the 3Ј CCA and adds a KpnI site for cloning. The PCR product was cloned between the EcoRI and KpnI sites of pUC19, with the selected clone again having the 5Ј AA of tRNA Trp changed to GG to facilitate phage T7 RNA polymerase transcription.
pTYR, which was used to synthesize an in vitro transcript corresponding to N. crassa mt tRNA Tyr , was described previously (14) . pTYR⌬CCA and pD5ЈTYR were used to synthesize derivatives of tRNA Tyr without the 3Ј CCA or with a 5Ј extension complementary to the 3Ј ACCA of tRNA Tyr , respectively. To construct pTYR⌬CCA, the tRNA Tyr coding sequence of pTYR was amplified with the M13 reverse primer and ⌬3ЈTyr (5Ј CGGGATCCATGCATAGGAGAGA AAGGAA 3Ј), which deletes the 3Ј CCA and adds a BamHI site, and the product was cloned between the BamHI and HindIII sites of pUC19. To construct pD5ЈTYR, the PCR was carried out with an M13 forward primer and T7TYR (5Ј GGAATTCTAATACGACTCACTATAGGTGGTAGGAGGGT TCCGTTTG 3Ј), which adds an EcoRI site, a phage T7 promoter, and a 5Ј GGTGGT extension to the tRNA coding sequence, and the product was cloned in the EcoRI site of pUC19.
pMB129 and pMHN2, which were used to synthesize in vitro transcripts corresponding to the 3Ј end of the mRP transcript, were described previously (38) . Tyr with the 5Ј GGUGGU extension was synthesized with phage T7 RNA polymerase from pD5ЈTYR linearized with BstNI. The 129-and 184-nucleotide (nt) RNAs corresponding to the 3Ј end of the mRP transcript were synthesized from NsiI-linearized pMB129 and pMHN2, respectively. In all cases, after transcription, the DNA templates were digested with 0.3 U of DNase I (fast protein liquid chromatography purified; Pharmacia, Piscataway, N.J.) per l for 15 min at 37°C and the transcripts were extracted with phenol-chloroformisoamyl alcohol (25:24:1) and ethanol precipitated in the presence of 0.3 M sodium acetate.
The tRNA transcripts and the 129-nt pMB129/NsiI transcript were purified in a denaturing 12% polyacrylamide gel, while the 184-nt pMHN2/NsiI transcript was purified in a denaturing 6% polyacrylamide gel. The gels used to purify the tRNA transcripts were sufficient to give single-nucleotide resolution, and the homogeneity of 3Ј ends was assessed by thin-layer chromatographic analysis of 3Ј-end-labeled transcripts as previously described (13) . For different preparations of the tRNA Trp and tRNA Tyr transcripts, the 3Ј-terminal nucleotide was 81 to 86% A, 12 to 16% C, 0.6 to 2.3% U, and 0.5 to 1.5% G. The major contaminants having 3Ј C residues presumably result from trailing of prematurely terminated tRNA transcripts into the band corresponding to the full-length tRNA.
Reverse transcription reactions using the mRP RT. Unless specified otherwise, reverse transcription reactions were carried out as described previously (38) , in 20 l of reaction medium containing 1 l (0.25 to 0.5 mU) of the PEI-purified RT, 16 32 P]dCTP into high-molecular-weight material retained on Whatman DE81 paper (VWR, Cleveland, Ohio) in 10 min at 37°C with pMHN2/NsiI RNA as the template (38) . The cDNA products were analyzed in a denaturing 6% polyacrylamide gel, which was dried and autoradiographed, and the dried gels were quantitated by using a 445SI PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.). Alkaline digestion of the cDNA products was done in 20 l of 0.2 M NaOH-2 mM EDTA for 5 min at 100°C and followed by ethanol precipitation.
Cloning and sequencing of the 5 ends of cDNAs by anchored PCR. The 5Ј ends of cDNAs synthesized from the tRNA Tyr transcript were cloned and sequenced via anchored PCR. Reverse transcription reactions were scaled up 40-fold, and the cDNA products were treated with alkali to degrade the RNA template as described above. The cDNAs to be analyzed were purified in a denaturing 6% polyacrylamide gel, dephosphorylated with calf intestinal alkaline phosphatase (Boehringer Mannheim, Indianapolis, Ind.), and phosphorylated with phage T4 polynucleotide kinase (New England Biolabs). The 5Ј ends of the cDNAs were then ligated to the 3Ј OH end of DNA oligonucleotide 19SIII (10 ng; 5Ј GAAGGGATCCCTACCACTTCGTTAGCA 3Ј), which adds a BamHI site for cloning, by using phage T4 RNA ligase (New England Biolabs) as recommended by the manufacturer. After ligation, the 5Ј ends of the cDNAs were amplified by PCR using primers 19SIII (see above) and Tyr1 (5Ј ACA CAAGCTTCCGTTTGTTGGTATGAC 3Ј), which corresponds to the 5Ј end of tRNA Tyr and adds a HindIII site. The PCR was carried out in 75 l of reaction medium containing 2.5 U of Taq DNA polymerase (GIBCO BRL), 100 ng of each primer, and 50 M deoxynucleoside triphosphates (dNTPs) in a GeneAmp PCR System 9600 (Perkin Elmer, Norwalk, Conn.) for 25 cycles (30 s at 94°C, 30 s at 65°C, and 30 s at 72°C), followed by extension for 5 min at 72°C. A 5-l sample of the PCR products was reamplified under the same conditions and cloned between the BamHI and HindIII sites of pBS(ϩ) (Stratagene, La Jolla, Calif.). The clones were sequenced by the dideoxy method with the M13 forward primer (36) . The 5Ј ends of the ϳ35-nt cDNAs obtained after alkaline digestion of the 125-nt internal initiation product were also cloned and sequenced via anchored PCR by using the same procedures.
RT-PCR analysis of the junction between the RNA primer and the cDNA synthesized from an internal initiation site in N. crassa tRNA Tyr . The 125-nt internal initiation product synthesized in a 40-fold scaled-up reverse transcription reaction with the N. crassa mt tRNA Tyr transcript was purified in a denaturing 5% polyacrylamide gel, and the junction between the RNA primer and the cDNA was cloned via RT-PCR (6). The cDNA synthesis step for RT-PCR used SUPERSCRIPT II RT (GIBCO BRL) and the primer LTyr (5Ј GGATAT CGGCCGTCGACGGTTCCGTTTGTTGGTATG 3Ј), which corresponds to the sequence at the 5Ј end of tRNA Tyr with a 5Ј linker sequence (Link1). PCR amplification was done with the primers Link1 (5Ј GGATATCGGCCGTCGAC 3Ј) and Tyr3 (5Ј GGAATTCGTCGTCGAAGGTTCAA 3Ј, corresponding to positions 57 to 72 of tRNA Tyr with an added EcoRI site). The PCR conditions were as described above for anchored PCR, except that 100 M dNTPs were used. The PCR products were cloned between the EcoRI and SalI sites of pBS(ϩ) and sequenced by the dideoxy method with the M13 reverse primer.
PCR analysis of the junction region in putative cDNA dimers. The cDNA dimer band from a 30-fold scaled-up reverse transcription reaction with the N. crassa mt tRNA Tyr transcript was purified in a denaturing 6% polyacrylamide gel, and the junction region was amplified by PCR with primers Tyr3 (see above) and Tyr2 (5Ј AACTGCAGAACCCGTCATACCAAC 3Ј, complementary to positions 16 to 31 of the tRNA Tyr sequence with an added PstI site). PCR amplification was done as described above, except that 200 M dNTPs were used. The PCR products were cloned between the EcoRI and PstI sites of pBS(ϩ), and the clones were sequenced by the dideoxy method with the M13 forward primer.
PCR analysis of the junction regions in cDNA products resulting from template switching between the mRP and N. crassa mt tRNA transcripts. To analyze junction regions resulting from template switching between the mRP and N. crassa mt tRNA transcripts, reverse transcription reactions with each RNA template at 4 nM were scaled up 20-fold, and the 32 P-labeled 219-and 203-nt cDNA products resulting from template switching between the mRP and mt tRNA Tyr or mt tRNA Trp transcripts, respectively, were purified in a denaturing 5% polyacrylamide gel. The gel-purified cDNAs were divided in half, and each half was subjected to PCR with a pair of primers that detects products resulting from a template switch in one or the other direction (i.e., from the tRNA to the mRP transcript or vice versa). The PCR conditions were as described above for anchored PCR, except that 200 M dNTPs were used. For tRNA Trp , the first primer pair was Trp4 (5Ј GGTTGAAGCTTTCTGTTTTAC 3Ј), which is complementary to positions 18 to 38 of the tRNA Trp sequence, and Sal30, which corresponds to positions 2801 to 2820 of the mRP and adds a SalI site (38) , and the PCR products were cloned between the SalII and HindIII sites of pBS(ϩ). The second primer pair was Trp3 (5Ј ATGGTAAAACAGAAAGCTTCAAC 3Ј), which corresponds to positions 15 to 37 of the tRNA Trp sequence, and M3480 (5Ј GGAATTCTCTATAGTCTTGCGACTCGA 3Ј), which is complementary to positions 2802 to 2823 of the mRP and adds an EcoRI site, and the PCR products were cloned between the EcoRI and HindIII sites of pBS(ϩ). The PCR with primers Trp4 and Sal30 detects a template switch from tRNA Trp to the mRP transcript, and the PCR with primers Trp3 and M3480 detects a template switch in the opposite direction. Similarly for tRNA Tyr , primers Tyr2 and Sal30 (see above) were used to detect a template switch from tRNA Tyr to the mRP transcript and Tyr1 and M3480 (see above) were used to detect a template switch in the opposite direction. The PCR products obtained with the first primer pair were cloned between the SalI and PstI sites of pBS(ϩ), and the PCR products obtained with the second primer pair were cloned between the EcoRI and HindIII sites of pBS(ϩ). Clones were sequenced by the dideoxy method with the M13 reverse primer.
RESULTS

Reverse transcription of tRNAs by the mRP RT. In initial experiments, N. crassa mt tRNA
Trp and tRNA Tyr in vitro transcripts were tested for the ability to serve as templates for the PEI-purified mRP RT (see Materials and Methods). As shown in Fig. 2 , both tRNA transcripts gave prominent alkali-resistant products of the sizes expected for full-length cDNAs (ϳ74 and ϳ90 nt for tRNA Trp and tRNA Tyr , respectively), along with lighter alkali-resistant products that presumably correspond to cDNA dimers (lanes 1, 2, 5, and 6). The reactions also gave a number of alkali-sensitive products that appear to result from initiation at internal positions in the tRNA templates using the 3Ј end of the tRNA as a primer. For example, reverse transcription of the tRNA Tyr transcript gave a prominent ϳ125-nt product that disappeared after alkaline digestion with the concomitant appearance of a 32 P-labeled band of ϳ35 nt corresponding to the cDNA after degradation of the primer (lanes 5 and 6). The inference that this product results from internal initiation at position 35 of the tRNA using the 3Ј end of the tRNA as a primer was confirmed by experiments described below. In other experiments, we found that the mRP RT also synthesized full-length cDNA copies of other tRNAs, including an Escherichia coli tRNA Tyr transcript and the tRNA-like sequence found in the V1-2 suppressive mutant mRP (data not shown; see reference 3 for a description of the V1-2 tRNA-like sequence).
Derivatives of the tRNA Trp and tRNA Tyr transcripts that lack the 3Ј-terminal CCA (⌬CCA) showed strongly decreased synthesis of full-length cDNA products (lanes 3, 4, 7, and 8). The tRNA Tyr -⌬CCA transcript gave a slightly shorter (ϳ85-nt) alkali-stable product that may result from initiation at a cognate CCUA sequence near the 3Ј end of the RNA template (see below), and both the tRNA Trp -⌬CCA and tRNA Tyr -⌬CCA transcripts still gave alkali-sensitive products that presumably result from internal initiations using the 3Ј end of the tRNA as a primer. The distribution of alkali-sensitive products appears to be different from that of transcripts having the 3Ј CCA. A derivative of tRNA Tyr that has a 5Ј-end extension complementary to the normally single-stranded 3Ј ACCA of the tRNA showed strongly decreased synthesis of both the full-length cDNAs and the alkali-sensitive products (lanes 9 and 10). Together, these findings indicate that an unpaired CCA at the 3Ј end of the template is required for efficient synthesis of the full-length cDNA products.
Identification of cDNA initiation sites at the 3 end of N. crassa mt tRNA Tyr . The full-length cDNA products obtained with the tRNA Trp and tRNA Tyr transcripts presumably result from the initiation of reverse transcription near the 3Ј end of the tRNAs. To identify the cDNA initiation sites precisely, the 5Ј ends of the cDNAs synthesized from the tRNA Tyr transcript were cloned and sequenced via anchored PCR (see Materials and Methods). To minimize 3Ј-end heterogeneity, the tRNA templates were purified in a denaturing 12% polyacrylamide gel, which gives single-nucleotide resolution, and the homogeneity of 3Ј ends was assessed by thin-layer chromatographic analysis of the 3Ј-terminal nucleotide (see Materials and Methods).
The sequences of the cDNA clones are summarized in Fig.  3A . Eleven of 31 clones correspond to cDNAs that began with the G residue opposite the C residue at position Ϫ2 (C-2) at the 3Ј end of the tRNA, the same residue used for de novo initiation at the 3Ј CCA of the mRP transcript (38) . An additional 11 of the 31 clones (35%) correspond to cDNAs that also appear to have initiated at C-2 but have extra 5Ј "noncoded" nucleotides, mostly A residues. Such extra nucleotides have also been observed at the 5Ј ends of cDNAs synthesized from mRP transcripts generated by ribozyme cleavage (5) and may reflect stuttering by the RT prior to the initiation of processive cDNA synthesis or possibly priming by small DNA oligonucleotides contaminating the preparations. While it is possible that some of the cDNAs initiated opposite C-2 of the tRNA were synthesized from prematurely terminated tRNA transcripts, experiments with the mRP transcript show that deletion of the terminal A of the 3Ј CCA substantially inhibits de novo initiation (5) .
The remaining cDNAs obtained with the tRNA Tyr transcript began at several positions near the 3Ј end of the tRNA Tyr transcript: two opposite A-1, five opposite C-3, one opposite C-6, and one opposite U-5 with extra 5Ј A residues. The C-6 and U-5 sites are part of a CCUA sequence, which resembles the 3Ј CCA sequence and could account for the residual synthesis of full-length cDNAs from the tRNA Tyr -⌬CCA transcript (Fig. 2) . Experiments with the mRP transcript indicate that cognates of CCA can be used more efficiently for initiation of cDNA synthesis when brought into proximity to the 3Ј end of the RNA template by deletion of the 3Ј CCA (5).
Identification of a major internal cDNA initiation site in N. crassa mt tRNA Tyr . As indicated above, the alkali-sensitive products synthesized from the tRNA templates presumably reflect initiation of cDNA synthesis at internal sites in the tRNA templates with the 3Ј end of the tRNA as a primer. The internal initiation site in the alkali-sensitive ϳ125-nt product of the mt tRNA Tyr transcript (Fig. 2 , lanes 5 and 6) was identified both by cloning and sequencing the primer-cDNA junction region via RT-PCR and by cloning and sequencing the 5Ј ends of the ϳ35-nt cDNAs obtained after alkaline digestion via anchored PCR. Eleven of 12 junction region clones correspond to products in which the 3Ј end of the tRNA is linked to the cDNA beginning at position 35 of the tRNA, and the remaining clone contains the 3Ј end of the tRNA linked to the cDNA beginning at position 43 (Fig. 3B, top) . Of the 20 5Ј-end clones, 15 correspond to cDNAs that also began at position 35 and 5 correspond to cDNAs that began at position 34 (Fig. 3B, bottom) . The major cDNA initiation site at position 35 is preceded by a UG, which is complementary to the 3Ј CA of the tRNA, and the initiation site at position 43 is preceded by a U residue, which is complementary to the 3Ј A of the tRNA. Tyr transcript with a 5Ј extension (5Ј GGUGGU) complementary to the ordinarily single-stranded 3Ј ACCA sequence of the tRNA (pD5ЈTYR/BstNI). The numbers to the right indicate approximate sizes (nucleotides) of the cDNA products, and the numbers to the left indicate positions and sizes (nucleotides) of selected molecular weight markers from 32 Plabeled 10-and 100-bp ladders (GIBCO BRL). The schematics to the right show the structures of the cDNA products. cDNA is depicted by a thick line, and RNA is depicted by a thin, wavy line.
These findings raise the possibility that short base-pairing interactions play a role in specifying the internal cDNA initiation sites. If so, the cDNAs initiated at position 34 could have a gap between the base-paired primer and the initiation site or they could reflect priming by contaminating tRNA transcripts that have an extra 3Ј G residue resulting from runoff transcription by phage T3 RNA polymerase.
Cloning and sequencing of the junction region of cDNA dimers. The putative cDNA dimers (Fig. 2) were presumably synthesized in a template-switching reaction in which the 3Ј end of a completed cDNA was used as a primer to initiate cDNA synthesis at the 3Ј end of either a new or the same tRNA Tyr template. Cloning and sequencing of the junction regions of the cDNA dimers synthesized from N. crassa mt tRNA Tyr confirmed that the cDNAs were linked in a head-totail orientation and showed that reinitiation on the second template began at either position C-2 (11 of 27) or A-1 (16 of 27) of the 3Ј CCA (Fig. 3C) . In 16 of 27 cases, the junctions have extra nucleotides that may have been added to the 3Ј end of the priming strand prior to or during the template jump.
From the sequence data, we cannot distinguish whether the template jumps were facilitated by base pairing between these extra nucleotides and the 3Ј end of the second RNA template. However, results obtained with synthetic DNA oligonucleotide primers suggest that such base pairing is not essential for accurate primer-mediated initiation at the 3Ј CCA of the mRP transcript (5) . In a few of the dimer clones, the sequence corresponding to the first one or two nucleotides at the 5Ј end of the first tRNA template was missing. This missing nucleotide(s) could mean either a template jump from an internal position or that the tRNA Tyr transcript used as the primary template began at position G2 or G3 due to the preference of phage T3 RNA polymerase for initiation at G residues.
The mRP RT initiates cDNA synthesis at the 3 end of the N. crassa mt tRNA Tyr de novo. We previously demonstrated de novo initiation at the 3Ј CCA of the mRP transcript by showing that the mRP RT could initiate with 2Ј-deoxyguanosine (dG), which has a 5Ј OH, as well as with dGMP or dGTP (38) . This approach took advantage of the observation that the K m for dGTP in the initiation reaction (180 M) is much higher than its K m in elongation (0.2 M) (38). Thus, cDNAs initiated with dG or dGMP could be obtained by adding it at a relatively high concentration (0.5 mM), above the K m for initiation, and then elongating the cDNAs with a lower concentration of dGTP (32 M). cDNAs initiated with dG had a 5Ј OH, whereas cDNAs initiated with dGMP or dGTP had a 5Ј mono-or triphosphate, respectively (38) .
The same strategy was employed to test for de novo initiation at the 3Ј end of the N. crassa mt tRNA Tyr transcript (Fig.  4) . The reverse transcription reactions were carried out in the presence of 0.5 mM dG, dGMP, or dGTP, and the number of phosphates at the 5Ј end of the cDNA was assessed by the ability to ligate the cDNA to the 3Ј OH of a synthetic DNA oligonucleotide (19SIII) in the presence of an oligonucleotide splint (BrgTYR) to facilitate the alignment of the ends. Only those cDNAs having a 5Ј monophosphate should be efficiently ligated by phage T4 DNA ligase. The results show that cDNAs initiated with dGMP were efficiently ligated to the DNA oligonucleotide (lane 2), indicating the presence of a 5Ј monophosphate, and the ligation was inhibited by treating the cDNAs with alkaline phosphatase, as expected (lane 6). By contrast, cDNAs initiated with dG or dGTP, which should contain a 5Ј OH or a 5Ј triphosphate, respectively, were not ligated (lanes 1 and 3) but could be ligated after appropriate treatments with alkaline phosphatase and phage T4 polynucleotide kinase to add a 5Ј monophosphate (lanes 5 and 7). As expected for a 5Ј OH, the cDNAs initiated with dG could be phosphorylated directly with kinase without prior treatment with alkaline phosphatase (lane 7). The ability of the mRP RT to initiate at the 3Ј end of the tRNA with dG, which has a 5Ј OH, precludes the use of a nucleic acid or protein primer and indicates that initiation occurs de novo, as it does at the 3Ј tRNA-like structure of the mRP transcript (38) .
Relative efficiency of initiation at the 3 end of tRNAs and the 3 tRNA-like structure of the mRP transcript. To compare the relative efficiency of de novo initiation at the 3Ј end of tRNAs with that at the 3Ј end of the mRP transcript, competition experiments were carried out with mixtures of the different RNA templates (Fig. 5) . For these experiments, we used the 129-nt in vitro transcript pMB129/NsiI, whose sequence corresponds precisely to the 3Ј end of the mRP transcript Tyr . (A) Sequences at the 5Ј ends of the full-length (ϳ90-nt) cDNA. The 5Ј ends of the cDNAs were cloned and sequenced via anchored PCR as described in Materials and Methods. (B) Sequences at the internal initiation site in the ϳ125-nt alkali-sensitive product. At the top are junction sequences between the RNA primer and the cDNA product. The junction regions were cloned and sequenced via RT-PCR with primers LTyr and Tyr3 as described in Materials and Methods. At the bottom are sequences at the 5Ј ends of the ϳ35-nt cDNA derived from the ϳ125-nt product after removal of the RNA primer by alkaline digestion. The 5Ј ends of the cDNAs were cloned and sequenced via anchored PCR as described in Materials and Methods. (C) Sequences at the junction region of putative cDNA dimers. The junction regions were cloned via PCR with primers Tyr3 and Tyr2 and sequenced as described in Materials and Methods. In each panel, the sequence of the RNA template is at the top and the cDNA sequences are below. Numbers above the RNA template indicate nucleotide positions in tRNA Tyr . Uppercase letters indicate nucleotides coded by the RNA template, with dots indicating extended complementarity to the template sequence. Lowercase letters indicate nucleotides that do not match the RNA template sequence. The numbers in parentheses are the proportions of clones having the sequences shown.
ending with the 3Ј CCA (38) . Reverse transcription of the pMB129/NsiI RNA yields a full-length cDNA of ϳ129 nt. Figure 5A shows that cDNA synthesis from the pMB129/NsiI RNA is competed efficiently by increasing concentrations of either a larger (184-nt) version of the 3Ј mRP transcript (pMHN2/NsiI RNA; self competition) or the tRNA Trp or tRNA Tyr transcript. Quantitation of the gel with a PhosphorImager showed that tRNA Trp competed as effectively as the pMHN2/NsiI transcript (50% inhibition at a competitor-topMB129/NsiI molar ratio of 0.9:1 for both competitor RNAs), while tRNA Tyr competed somewhat less effectively (50% inhibition at a molar ratio of 1.8:1; Fig. 5C ).
Template switching between the tRNA and the mRP transcript. In addition to the major products corresponding to the full-length cDNAs and multimers, longer exposures of the gel in Fig. 5A showed light bands of the size expected for template switching between the pMB129/NsiI mRP transcript and the competitor RNAs (ϳ313, ϳ219, and ϳ203 nt for template switches with pMHN2/NsiI RNA, tRNA Tyr , and tRNA Trp , respectively; Fig. 5B ). The 219-and 203-nt cDNAs that presumably resulted from template switching between the pMB129/ NsiI mRP transcript and tRNA Tyr or tRNA Trp , respectively, were gel purified, and the putative junction regions were amplified by PCR with different sets of primers (Fig. 6A) . In both cases, the PCR amplification gave products expected for junctions arising from template switching in either direction (i.e., from the tRNA to the pMB129/NsiI RNA or from the pMB129/NsiI RNA to the tRNA) (Fig. 6A) .
Cloning and sequencing of the PCR products showed that template jumps generally occurred to C-2 or A-1 of the 3Ј CCA of the mRP transcript or the tRNA (Fig. 6B) , the same positions found previously for the cDNA dimers of tRNA Tyr (cf. Fig. 3C ). As before, many of the junctions contained extra "noncoded" nucleotides, predominantly G and A residues, which may have been added to the 3Ј end of the priming strand prior to the template switch, and some junctions were missing one or two of the 5Ј-terminal nucleotides of the initial RNA template. Curiously, in several of the clones, the mRP cDNA sequence is missing one of a run of three G residues at positions Ϫ5 to Ϫ7. This deletion could have occurred either during cDNA synthesis by the mRP RT or during PCR amplification of the products. The structure of the products arising from template switching between the mRP and tRNA in vitro transcripts is as predicted for the hybrid cDNAs that would give rise to the suppressive mutant mRPs that have inserted mt tRNA sequences.
DISCUSSION
Our results show that the mRP RT can efficiently initiate cDNA synthesis de novo at the 3Ј end of the tRNAs in vitro, leading to synthesis of full-length cDNA copies of the tRNAs. The de novo initiation uses an unpaired 3Ј CCA sequence and occurs predominantly opposite position C-2, the same position as in the 3Ј CCA of the mRP transcript. Reverse transcription of mt tRNA templates in vivo was suggested previously by the structure of suppressive mutant mRPs that had incorporated mt tRNA sequences (2, 3, 6, 19) . The synthesis of a full-length cDNA copy of the tRNA implies that the mRP RT can reverse transcribe through very stable secondary and tertiary structures, either by itself or with the help of an associated RNA helicase activity. We note that the synthesis of full-length cDNAs could be impeded by the presence of modified nucleotides, and indeed this was found to be the case for native E. coli tRNA Tyr in vitro, where a strong stop was observed opposite the 2-methylthio-N 6 -isopentenyladenosine at position 38 Tyr was carried out in reaction media containing the indicated concentration of dG, dGMP, or dGTP in combination with standard concentrations of the other dNTPs, and the 32 P-labeled cDNAs were digested with alkali as described in Materials and Methods. The products were then treated with calf intestinal alkaline phosphatase (AP) and/or phage T4 polynucleotide kinase, as indicated above each lane, and ligated to the 3Ј OH end of a synthetic DNA oligonucleotide (oligo; 19SIII; 10 ng) by using phage T4 DNA ligase in the presence of a splint oligonucleotide (BrgTYR; 10 ng) to facilitate alignment of the ends. After the ligation reaction, the 32 P-labeled products were analyzed in a denaturing 6% polyacrylamide gel, which was dried and autoradiographed. Lanes: 1, reverse transcription with 0.5 mM dGTP; 2, reverse transcription with 0.5 mM dGMP plus 32 M dGTP; 3, reverse transcription with 0.5 mM dG plus 32 M dGTP; 4, cDNAs initiated with dGTP as in lane 1 and then phosphorylated with phage T4 polynucleotide kinase; 5, cDNAs initiated with dGTP as in lane 1 and then treated with calf intestinal alkaline phosphatase, followed by phosphorylation with phage T4 polynucleotide kinase; 6, cDNAs initiated with dGMP as in lane 2 and then treated with alkaline phosphatase; 7, cDNAs initiated with dG as in lane 3 and then phosphorylated with phage T4 polynucleotide kinase. The treatments with calf intestinal alkaline phosphatase, phage T4 polynucleotide kinase, and phage T4 DNA ligase were done as previously described (35) . The products are identified to the right, and the numbers to the left indicate the positions and sizes (nucleotides) of selected molecular weight markers from 32 P-labeled 10-and 100-bp ladders.
VOL. 17, 1997 RETROPLASMID REVERSE TRANSCRIPTASE USES tRNA TEMPLATES 4531 (7) . Even with this fully modified tRNA, however, low levels of full-length cDNAs were produced, and it may be significant that N. crassa mt tRNAs often have fewer nucleotide modifications than their E. coli cognates (e.g., see references 15 and 16), perhaps facilitating their reverse transcription in vivo. The ability of the mRP RT to initiate at the 3Ј end of tRNAs presumably reflects recognition of structural features similar to those of the 3Ј tRNA-like structure of the mRP transcript. Recent studies with the mRP transcript have shown that the 3Ј CCA is the major structural feature recognized by the mRP RT but that the efficiency and accuracy of initiation can be modulated by secondary or tertiary structure features near the 3Ј end of the RNA (5). Here, cDNA synthesis competition assays show that the tRNA Trp and tRNA Tyr transcripts are used as or almost as efficiently as the mRP transcript in vitro (Fig. 5) , consistent with the hypothesis that the 3Ј CCA is a major structural feature recognized by the mRP RT. However, initiation at the 3Ј ends of the tRNAs appears to be less precise than at the 3Ј end of the mRP transcript, with a higher proportion of the initiations occurring at positions other than C-2 and possibly with a greater propensity for stuttering prior to initiation of processive cDNA synthesis ( Fig. 3A; cf. reference 38). Thus, the mRP transcript may have additional structural features that contribute to the specificity of initiation and are lacking in the tRNA transcripts.
In addition to de novo initiation, the mRP RT synthesizes cDNA multimers by template switching between tRNA templates and can initiate at internal positions in the tRNA by using the 3Ј end of the tRNA as a primer. In the templateswitching reaction, the mRP RT uses the 3Ј end of a completed cDNA as a primer to initiate cDNA synthesis at the 3Ј end of either a new or the same tRNA template. The reaction is essentially the same as that used to synthesize cDNA multimers of the mRP transcript (19) and is analogous to the previously characterized DNA primer-mediated initiation at the 3Ј end of the mRP transcript (5, 38) . Detailed analysis of the latter reaction indicates that the specificity of initiation is dictated primarily by the ability of the mRP RT to recognize structural features at the 3Ј end of the mRP transcript. Short base-pairing interactions between the primer and the template can influence the site and efficiency of initiation but do not appear to be required for accurate primer-mediated initiation at the 3Ј end of the mRP transcript (5) . Based on these findings, it seems likely that the template switching to the 3Ј end of a tRNA primarily involves recognition of the same structural features recognized by the mRP RT for de novo initiation. It remains possible that some template jumps are facilitated by short base-pairing interactions between the 3Ј end of the tRNA template and extra, noncoded nucleotides added to the 3Ј end of the cDNA primer. Tyr (90-nt) or tRNA Trp (74-nt) transcript. After incubation for a short time (2 min at 37°C), which was determined to be in the linear range for cDNA synthesis with all of the templates used, the products were incubated with alkali and analyzed in a denaturing 5% polyacrylamide gel, which was dried and autoradiographed. A 39-nt 32 P-labeled DNA oligonucleotide (Marker) was added after the reverse transcription reaction to monitor the recovery of cDNA products. The numbers to the right indicate approximate sizes (nucleotides) of the major cDNA products, and the numbers to the left indicate the positions and sizes (nucleotides) of selected molecular weight markers from 32 The internal initiations primed by the 3Ј end of the tRNAs are analogous to the previously described internal initiation in the mRP transcript with the 3Ј end of the mRP transcript as a primer (38) . Analysis of the ϳ125-nt alkali-sensitive product synthesized from the tRNA Tyr transcript showed that the predominant internal initiation site has a UG sequence that could base pair with the 3Ј CA of the tRNA primer and that a secondary site has a U residue that could base pair with the 3Ј A residue of the primer (Fig. 3B) . However, other factors must contribute to the choice of the initiation site, since otherwise initiation should occur with equal efficiency at every UG or U sequence. The previously observed internal initiations in the mRP transcript occurred at several sites in the vicinity of an internal CCA sequence, but the major site (12 of 17 clones) had a 1-nt complementarity between the 3Ј A of the primer and a U in the RNA template (38) . Thus, the influence of short base-pairing interactions could be a common feature of the internal initiations in both RNA templates. Otherwise, the internal initiation site in the tRNA Tyr transcript does not have a CCA sequence but is similar to that in the mRP transcript in having an AU-rich region immediately downstream in the RNA template (cf. reference 38). The ability of the mRP RT to initiate at an internal position in an RNA template by using the 3Ј end of a tRNA or tRNA-like structure as a primer appears analogous to a retroviral RT initiating at an internal position in the viral RNA by using the 3Ј end of a cellular tRNA as primer. We note, however, that the mRP RT does not efficiently use RNA primers that have extended complementarity to the template RNA, including the natural substrates of human immunodeficiency virus and equine infectious anemia virus RTs (5).
Our results provide further insight into the generation of suppressive mutant mRPs that have incorporated mt tRNA sequences. In vitro experiments confirm that template switching between the tRNA and the mRP transcript gives rise to hybrid cDNAs of the type predicted to be intermediates in generation of these mutant mRPs by the mechanism shown in Fig. 7A . Further, we find that the incorporation of tRNA sequences lacking the terminal A residue of the 3Ј CCA can be accounted for by template switching in either direction. In one direction, the RT initiates de novo at position C-2 of the tRNA and then jumps to the terminal A residue of the mRP transcript, while in the other direction, the RT initiates at the 3Ј end of the mRP transcript and then jumps to position C-2 of the tRNA (Fig. 7A) . In vitro, the majority (26 of 40) of the template jumps were to C-2 of the tRNA but a substantial proportion (12 of 40) were to A-1 (Fig. 6B) .
We previously found that a subset of the mutant mRPs have a precise deletion of a 24-nt sequence corresponding to the 5Ј end of the mRP transcript, and some contained additional mt DNA sequences inserted downstream of the tRNA sequence (2, 3, 6, 7) . These features are readily accommodated in our model. The 24-nt deletion can be accounted for by premature termination of cDNA synthesis at the two G residues at positions 24 and 25 of the mRP transcript, followed by a template jump facilitated by base pairing to the CC of the 3Ј CCA of the tRNA (Fig. 7B) . The incorporation of additional mt DNA sequences downstream of the inserted tRNA presumably means that two template jumps were involved in the generation of the hybrid cDNAs (Fig. 7C) . In some cases, noncoded nucleotides have been found incorporated in the suppressive mRPs at the junction of the suspected template jumps (3, 6, 7) , in accord with our findings in vitro. The different types of hybrid cDNAs are presumably converted to circular doublestranded DNAs by the same mechanism used for mRP replication.
The major transcripts of the suppressive mRPs are fulllength linear RNAs that have the inserted tRNA sequence at their 5Ј ends (3). We suggested previously that these transcripts are generated by transcription initiation at the normal (Fig. 5B ) expected to result from template switching between the pMB129/NsiI and tRNA Tyr or tRNA Trp transcripts, respectively, were gel purified and amplified by PCR using different sets of primers to detect template switching in either direction (see schematics I to IV and Materials and Methods). The PCR products were reamplified for 25 cycles and analyzed in a 2% agarose gel containing 40 mM Tris-acetate and 1 mM EDTA. The gel was stained with ethidium bromide and photographed under 300-nm UV light. Lanes: 1, 4, 7, and 10, PCR with reamplification of cDNA products with the pairs of primers shown in schematics I to IV to the right; 2, 5, 8, and 11, PCR and reamplification with the same pairs of primers in the absence of the cDNA products as templates; 3, 6, 9, and 12, PCR without reamplification with the same pairs of primers in the absence of the cDNA products as templates. Comparison of the different conditions indicates that the lower-molecular-weight band in lane 5 is a PCR artifact generated during reamplification. The numbers to the left of the gel indicate the positions and sizes (base pairs) of selected molecular weight markers from a 100-bp ladder. The schematics to the right show the hybrid cDNAs (thick lines) resulting from template switching between different RNA templates (thin, wavy lines) and the primers (short arrows) used to detect the different templateswitching junctions. (B) Junction sequences in the hybrid cDNAs formed by template switching. PCR products obtained without reamplification by using the primer sets shown in panel A were cloned and sequenced as described in Materials and Methods. In each part (I to IV), the sequences at the 3Ј end of the recipient RNA template and the 5Ј end of the donor RNA template are at the top and the cDNA sequences are below. Uppercase letters indicate nucleotides coded by the template RNAs, and dots indicate extended complementarity to the template sequence. Lowercase letters indicate nucleotides that do not match the RNA template sequence, and hyphens indicate missing nucleotides. The numbers in parentheses indicate the proportion of clones having a particular sequence.
site, which is ϳ260 nt upstream of the 5Ј end of the mRP transcript ( Fig. 1) , followed by a site-specific RNA cleavage at the 5Ј end of the inserted tRNA sequence (18, 19) . Supporting this hypothesis, recent studies have shown that the predicted primary transcripts can be accurately and efficiently processed at the 5Ј end of the inserted tRNA sequence by yeast mt RNase P in vitro (30) . While the mRP RT appears to indiscriminately reverse transcribe different tRNA species in vitro, only three tRNA species (tRNA Gly , tRNA Trp , and tRNA Val ) and the V1-2 tRNA-like sequence have been found inserted in the mutant mRPs in vivo (2, 3, 6, 7) . The incorporation of only this subset of tRNAs could mean that the RT has more selectivity for these tRNAs in vivo or that these tRNAs are present in higher concentrations than other mt tRNAs. Alternatively, this subset of tRNAs may have structural features required for efficient template switching or cDNA synthesis (e.g., lack of certain modified nucleotides) or the ability to be processed by mt RNase P in the context of the mRP transcripts.
As discussed previously, the suppressive behavior of the mutant mRPs appears to be due primarily to the overproduction of the suppressive mRP transcripts, which are templates for reverse transcription (see the introduction). Since the suppressive mRPs use the same promoter as the wild-type mRP in vitro (18) , the overproduction of mRP transcripts is likely to reflect their stabilization by the tRNA sequence at the 5Ј end (3) and/or the fact that RNA processing at the 5Ј end of the inserted tRNA sequence is more efficient than the normal RNA processing mechanism. An important consequence of the inserted tRNA sequences is that they enable the mRP to integrate into mt DNA by homologous recombination at the tRNA coding sequence (6). This integration mechanism, which relies only on the synthesis of a hybrid cDNA and homologous recombination, could be used by retroelements in the absence of a separate integration activity.
Finally, with respect to evolution, we suggested previously that the ability of the mRP RT to recognize the 3Ј tRNA-like structure of the mRP transcript and initiate cDNA synthesis de novo may mean that it is related to primitive RTs that evolved from RNA-dependent RNA polymerases (38) . If so, the ability of retroviral RTs to use cellular tRNAs might reflect their evolution from primitive RTs that recognized a 3Ј tRNA-like structure (21, 38, 41) . The finding that the mRP RT initiates de novo at the 3Ј end of tRNAs strengthens the conclusion that the mRP RT is adapted to recognize tRNA-like structural features, including an unpaired 3Ј CCA.
It is an open question to what extent other RTs or RNAdependent RNA polymerases retain the ability to use cellular tRNAs as templates. The RTs of group II introns and non-LTR retrotransposons, the closest relatives of the mRP RT, recognize specific structural features at the 3Ј ends of their FIG. 7 . Possible mechanisms for generation of suppressive mutant mRPs that contain mt tRNA sequences. (A) Diagrams showing how the structure of the suppressive mutant mRPs can be accounted for by template switching between the mRP transcript and the tRNA in either direction. In one direction, the mRP RT initiates de novo opposite C-2 of the mt tRNA, synthesizes a full-length cDNA copy of the tRNA, and then template switches to A-1 at the 3Ј end of the mRP transcript. In the other direction, the mRP RT initiates opposite C-2 at the 3Ј end of the mRP transcript, synthesizes a full-length cDNA copy of the mRP transcript, and then template switches to C-2 of the tRNA. The hybrid cDNA presumably undergoes positive-strand synthesis and circularization by the same mechanisms used for mRP replication. For the mechanism starting with de novo initiation at the 3Ј end of the mRP transcript, the terminal A residue of the mRP transcript must be regenerated by the same unknown mechanism used in mRP replication. (B) Possible mechanism for generation of the subset of mutant mRPs that have a precise deletion of the 24-nt sequence corresponding to the 5Ј end of the mRP transcript. The deletion could result from the synthesis of an incomplete negative-strand cDNA, which ends with the GG opposite positions 25 and 26 of the mRP transcript, followed by a template jump facilitated by complementarity to the 3Ј CC of the tRNA. (C) Mechanism for the generation of mutant mRPs that have additional mt DNA sequences downstream of the inserted tRNA. The additional mt DNA sequences may mean that two template jumps occurred during cDNA synthesis, one to an mt tRNA and the other to a different mt DNA transcript. The two template jumps could occur successively during the same round of replication, as diagrammed, or during different rounds of replication. The template jumps to or from the mt DNA transcript could involve either internal positions or the 3Ј and 5Ј ends of the transcript. Although the order of template jumps may be random, correct RNA processing and replication presumably require that the inserted tRNA sequence be immediately downstream of the 3Ј CCA of the mRP transcript, followed by the additional mt DNA sequence.
RNA templates, but these are not obviously tRNA like (17, 27, 28) . It is possible that reverse transcription of tRNAs is deleterious and that the ability to efficiently use tRNAs as templates is retained only in relatively simple genetic systems, such as that in Neurospora mitochondria. On the other hand, some positive-strand RNA viruses have been found to incorporate tRNA sequences in a manner that is consistent with a template-switching mechanism and may indicate that the viral replicases can use tRNAs as templates (31, 32) . Further, the existence of short interspersed elements that are derived from reverse transcripts of tRNAs (10, 34, 40) may be an indication that RTs in higher eukaryotes also retain some ability to recognize tRNAs as templates.
